discussed the existence of electromagnetic Stark ladder resonances in media with a space-dependent dielectric function E(z) that satisfies E(z + Md) = e(z) + aMd, (1) where d is a period discussed below, M is an integer, and a, the ramp parameter, is a constant. The concept of a Stark ladder originates from condensedmatter physics, where it has been a controversial area of research for several decades. 2 6 In that field of physics, the Stark ladder arises when a uniform dc electric field is applied to a crystalline material or superlattice. It is well understood that even a small uniform electric field can dramatically change the nature of the electron wave function since the electrostatic potential gets arbitrarily large for sufficiently large distances. It is, however, not obvious whether the localized states that make up the ladder are true eigenstates or only approximate solutions. Recent research (see, e.g., Ref. 7) has gone some distance in clarifying the nature of such Stark ladder resonances. But since experiments on these electron states are difficult, it is important to investigate other systems in which similar phenomena might be more easily accessible to experiment. In this Letter we discuss some important aspects of the electromagnetic Stark ladder that were not touched on in Ref. 1 . The most important of these is a discussion of some key experimental aspects, such as preferred geometry and localization length. Experimental observation of an electromagnetic Stark ladder would provide a crucial test of the theory, since excitonic effects, which modify the Stark ladder in solids considerably, 6 are absent here. Furthermore it would clear the way for the study of exciting related phenomena that have no analogy in solids, such as the modification of the ladder under the influence of optical nonlinearities.
The physical interpretation of the electromagnetic Stark ladder can be explained as follows. Consider a beam of light propagating in the y-z plane. If the periodic component in the index of refraction is initially neglected, Fermat's principle prescribes that light tends to curve toward the region of highest index. 8 However, if the period d is properly chosen, the light satisfies the Bragg condition at some position and is thus reflected toward the low-index side. But the light of course still curves toward the highindex side, and in time, after total internal reflection (TIR), the situation is repeated, which gives rise to a periodic phenomenon. In fact, it can be shown that the rays follow a piecewise continuous parabolic trajectory in which the curvature at the minima is proportional to a (the trajectory thus reduces to a straight line when the ramp is absent). This is illustrated in Fig. 1 . It is as if the light now resonates in a cavity of length L caused by two different effects: Bragg reflection on the high-index side and TIR on the low-index side. It should be noted that neither of these effects can be said to occur at a specific position z.
The analogy with Stark localization of electrons in a periodic potential and a dc electric field is straightforward. It is the dc electric field, rather than TIR, that return the electrons for succeeding Bragg reflections. Note that Stark localization of electrons, however, can be discussed in a purely onedimensional geometry. 2 In the corresponding geometry for the electromagnetic problem the TIR would have to arise at normal incidence, which would require the index of refraction to change from purely real to purely imaginary. Although the theory for this model could be developed, in practice the ensuing metalliclike behavior would be accompanied by absorption that would seriously limit the quality of the resonator. Thus for the electromagnetic problem one has to generalize to consider the propagation of light in two dimensions, where TIR can be achieved with an index-of-refraction profile that is purely real. 1 It may be quite challenging to fabricate a medium with a dielectric function that satisfies Eq. (1). It calls for a range of refractive indices, which thus makes the application of a variety of materials necessary. In this Letter we propose the use of a waveguide geometry. 9 A formal consideration of the Stark ladder can be based on coupled-mode theory. 9 This theory justifies the argument in the paragraph above: the envelope function W of guided modes in a planar waveguide satisfies, to a good approximation, the Helmholtz equation, but with the effective index replacing the refractive index. 9 " 0 " 2 '1 4 So if the film thickness satisfies h(z) = ho + yz + Ah sin 2z d (see Fig. 2 ), then theory. 9 Using an argument used by Emin and 7 Using the analogy between the behavior of plane waves and waveguide modes, we can estimate the photon localization length L discussed above. If we assume again plane-wave behavior in the y-z plane, with wave vector components ky and kz, Eq. (4) where for the moment we have ignored the rapidly varying periodic component of the film thickness. Since the effective index does not depend on y, ky must be a conserved quantity. Now at z = z,, where TIR occurs (Fig. 1) , kz = 0, and thus Fig. 1) and
Assuming that the index difference at the two sides is small, and denoting the wavelength of the radiation in vacuum by A, we find from Eqs. (6) and (7) (see Fig. 1 ) that
so that the states become more localized when the ramp gets steeper. The arguments above are based on two approximations that we now discuss. In doing so, we follow the argument of Vincent et al., 12"1 3 who show that the effective-index approach is justified when (i) the modulation is weak einough so that the relation between the effective index and the film thickness is linear and (ii) the ramp is sufficiently gentle so that the mode under consideration can adjust continuously to the local film thickness. Violation of the first condition is not detrimental for our application. In fact, the argument leading to Eq. (8) shows that localization still occurs, even if the ramp is not perfectly linear. It may, at worst, lead to a nonuniformity of the rung spacing of the ladder. Violation of the second condition leads to interaction with other waveguide modes. It can always be satisfied if the ramp is sufficiently gentle. However, Eq. (8) shows that this can lead to an impractical localization length. Rather, the mode interaction can be minimized by choosing the operating parameters judiciously: interaction with radiation modes can be avoided by operating far from cutoff. One can avoid interaction with other bound modes entirely by using the lowest-order bound mode while being below the cutoff of the higher ones. In an optical waveguide the lowest-order mode is TEO. 9 The TMo cutoff, however, is never much higher than that of TEO, 9so it is hard to avoid losses to both TMo and to radiation at the same time. One can avoid this dilemma by realizing that substantial TEo-TMo mixing only occurs at a Bragg angle with the grating normal that is smaller than that for mixing between TEO-TEO. Since the ramp has the effect of decreasing this angle, starting, just after TIR, at 90°, the light first satisfies the TEO-TEO Bragg condition. If the two Bragg angles can be made sufficiently different, one can ensure that almost no energy is left when the TEo-TMo condition is satisfied.
In practice one could observe the localized states in a finite structure with a ramp length on the order of the localization length L, in the way one observes any other resonance: for certain values of the incident angle, light in a waveguide incident on the ramp can tunnel through the localized state to the other side. This should lead to sharp peaks in the transmission and associated dips in the reflection as the incident angle is varied, analogous to those predicted by Monsivais et al.' Figure 3 , which is based on a calculation that only includes the forward-and backward-propagating TEo modes," 5 illustrates this for a realistic waveguide geometry. The fringe spacing can be found by an argument similar to that leading to Eq. (8 (9) For the situation in Fig. 2 we have ad = 6.761 x 10-5, Nm = 1.5672, and No = 1.5209, which leads to AO = 0.01°, consistent with the calculation. It should finally be mentioned that for this particular example the ray picture in Fig. 1 is slightly misleading: the TIR is frustrated since for the position indicated z < 0.
In conclusion, we propose optical waveguides as the geometry of choice to observe electromagnetic Stark ladder resonances. The advantage of this geometry is that the effective mode index follows the thickness of the guiding layer. In this way a prescribed refractive-index distribution may be mimicked in an appropriately designed waveguide. A problem with this geometry is possible mode interaction, especially TEo-TMo, but we show that this can be minimized by proper design. 
